SUMMARY DICER-LIKE (DCL) enzymes process double-stranded RNA into small RNAs that act as regulators of gene expression. Arabidopsis DCL4 and DCL2 each allow the post-transcriptional gene silencing (PTGS) of viruses and transgenes, but primary PTGS-prone DCL4 outcompetes transitive PTGS-prone DCL2 in wild-type plants. This hierarchy likely prevents DCL2 having any detrimental effects on endogenous genes. Indeed, dcl4 mutants exhibit developmental defects and increased sensitivity to genotoxic stress. In this study, the mechanism underlying dcl4 defects was investigated using genetic, biochemical and high-throughput sequencing approaches. We show that the purple phenotype of dcl4 leaves correlates with carbohydrate over-accumulation and defective phloem transport, and depends on the activity of SUPPRESSOR OF GENE SILENCING 3, RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) and DCL2. This phenotype correlates with the downregulation of two genes expressed in the apex and the vasculature, SMAX1-LIKE 4 (SMXL4) and SMXL5, and the accumulation of DCL2-and RDR6-dependent small interfering RNAs derived from these two genes. Supporting a causal effect, smxl4 smxl5 double mutants exhibit leaf pigmentation, enhanced starch accumulation and defective phloem transport, similar to dcl4 plants. Overall, this study elucidates the detrimental action of DCL2 when DCL4 is absent, and indicates that DCL4 outcompeting DCL2 in wild-type plants is crucial to prevent the degradation of endogenous transcripts by DCL2-and RDR6-dependent transitive PTGS.
INTRODUCTION
Small regulatory RNAs play important roles in regulating developmental processes and disease responses, restricting transposon spread, maintaining chromatin state, and defending viral infection in plants (Borges and Martienssen, 2015) . Plant small RNAs are diverse in their precursors, size, and function. The multiple biogenesis pathways, which involve different ribonucleases in the DICER-LIKE (DCL) family, contribute to the complexity of plant small RNAs (Margis et al., 2006; Borges and Martienssen, 2015) .
Four DCL proteins generate small RNAs of specific size and preferential function in Arabidopsis thaliana (Arabidopsis; Henderson et al., 2006) . DCL1 is mainly involved in the production of microRNAs (miRNAs) from RNA precursors with fold-back structures in the nucleus (Kurihara and Watanabe, 2004; Park et al., 2005) . Typical plant miRNAs are 21-nt long and play crucial roles in development and response to stress (de Lima et al., 2012) . DCL3 is responsible for processing the RNA-DEPENDENT RNA POLYMER-ASE 2 (RDR2)-dependent double-stranded RNA (dsRNA) into 24-nt small interfering RNAs (siRNAs), which are enriched in transposons and heterochromatin (Xie et al., 2004) . DCL3-dependent siRNAs trigger DNA methylation of target sequences and repress gene expression at the transcriptional level (Matzke and Mosher, 2014) . DCL4 produces 21-nt phased trans-acting siRNAs (tasiRNAs) from endogenous TAS genes (Gasciolli et al., 2005; Xie et al., 2005) . The production of tasiRNAs requires miRNA-guided cleavage of TAS transcripts by ARGONAUTE 1 (AGO1) or AGO7 Yoshikawa et al., 2005; Adenot et al., 2006; Fahlgren et al., 2006; Garcia et al., 2006; Hunter et al., 2006) , followed by conversion of cleavage products into dsRNA by SUPPRESSOR OF GENE SILENCING 3 (SGS3) and RDR6 (Peragine et al., 2004; Vazquez et al., 2004) . In dcl4 mutants, the size of the TAS-derived siRNAs is shifted to 22 and 24 nt, fragments that disappear in dcl2 dcl4 and dcl3 dcl4 double mutants, respectively, indicating that DCL2 and DCL3 process RDR6-derived dsRNAs in the absence of DCL4 (Gasciolli et al., 2005; Xie et al., 2005; Henderson et al., 2006) . TAS-derived 22-and 24-nt siRNAs cannot replace the function of 21-nt tasiRNAs, however, because they are out of phase and thus cannot properly interact with their targets Gasciolli et al., 2005; Xie et al., 2005; Yoshikawa et al., 2005) .
Whereas DCL2 cannot replace DCL4 for the production of functional tasiRNAs, both DCL2 and DCL4 promote posttranscriptional gene silencing (PTGS) against invasive transcripts from viruses and transgenes because siRNAs target their sequence of origin and do not need to be in a particular phase. As a result, dcl2 and dcl4 single mutants are each able to undergo PTGS, although to different extents, and only a dcl2 dcl4 double mutant shows completely impaired PTGS Mlotshwa et al., 2008; Parent et al., 2015) . Nevertheless, transgene and viral siRNAs are predominantly 21-nt long in wild-type plants, and so are tasiRNAs, suggesting that DCL4 outcompetes DCL2 in wildtype plants. Only in dcl4 mutants do 22-nt siRNAs predominate Dunoyer et al., 2007; Mlotshwa et al., 2008; Parent et al., 2015) .
Remarkably, promoting the exclusive production of 22-nt siRNAs by DCL2 in dcl4 mutants enhances PTGS, whereas the loss of DCL2 reduces PTGS efficiency, indicating that 22-nt siRNAs are more efficient than 21-nt siRNAs at inducing target RNA degradation (Mlotshwa et al., 2008; Parent et al., 2015) . This is likely a result of the fact that, 22-nt small RNAs associated with AGO1 promote the transformation of mRNA cleavage products into dsRNA by RDR6 and SGS3, and the subsequent production of secondary siRNAs, whereas 21-nt small RNAs associated with AGO1 do not. This was demonstrated for miRNAs (Chen et al., 2010; Cuperus et al., 2010) , and is also likely to be the case for siRNAs. Of note, the transformation of mRNA cleavage products into dsRNA that is diced into secondary siRNAs explains how siRNAs can be produced from the entire sequence of a target mRNA when only part of it is targeted by primary siRNAs (Vaistij et al., 2002) . Such a phenomenon is now referred to as transitive PTGS (Mlotshwa et al., 2008) .
The ability of DCL2-dependent 22-nt but not DCL4-dependent 21-nt small RNAs to induce transitive PTGS and secondary siRNA production is likely to have consequences on plant development and stress responses. Indeed, Arabidopsis dcl1 dcl4 and dcl1 dcl3 dcl4 mutants, which lack 21-nt small RNAs, show high levels of anthocyanin accumulation in leaf margins, stunted growth, and high mortality before bolting . The occurrence of this phenotype is abolished in dcl1 dcl2 dcl4 and dcl1 dcl2 dcl3 dcl4 mutants, suggesting that the deleterious phenotype of dcl1 dcl4 and dcl1 dcl3 dcl4 mutants is not the direct consequence of losing DCL1 and DCL4 activity, but the result of DCL2 activity in the absence of DCL1 and DCL4. Similarly, dcl4 mutants are more sensitive to genotoxic stress, and this phenotype is abolished in dcl2 dcl4 double mutants, with dcl2 mutants being more resistant on their own (Yao et al., 2010) . Finally, impairing DCL2 activity rescues the severe growth defects of mutants defective in bidirectional cytoplasmic RNA decay, whereas DCL4 impairment in mutants defective in either of the cytoplasmic RNA decay pathways causes growth arrest and leaf discoloration, which could be rescued by the further loss of DCL2 function (Zhang et al., 2015) .
Although the detrimental effect of DCL2-dependent 22-nt siRNAs has been documented previously, the primary endogenous transcripts that are specifically processed by DCL2 and responsible for the developmental defects of dcl4 mutants are unknown. In this study, we show that the developmental defects of dcl4 mutants require DCL2, RDR6 and SGS3, but not RDR2 and DCL3. By dissecting the impact of DCL2 activity on the small RNA profile of dcl4 plants, we uncovered the unusual accumulation of 22-nt siRNAs from two protein-coding genes that are specifically expressed in the apex and the vasculature tissues. We further show that the concurrent disruption of these two genes causes leaf pigmentation, starch over-accumulation and defective phloem transport, similar to what is observed in dcl4 mutants. Together, our study identified the targets of DCL2 that alter plant development when DCL4 function is impaired.
RESULTS

DCL4 impairment causes DCL2-dependent anthocyanin over-accumulation
The antagonistic function of DCL2 and DCL4 in Arabidopsis development was previously demonstrated in the dcl1 mutant background . Here, we further investigated whether this counteraction is also present in the wild-type background by carefully comparing dcl4-1 single mutant and dcl2-4 dcl4-1 double mutant plants grown in growth chambers under standard conditions. Among the 331 dcl4-1 plants we examined, 10% of plants showed purple leaves at the bolting stage, whereas all of 108 dcl2-4 dcl4-1 plants stayed green ( Figure S1 ), validating the antagonism between DCL2 and DCL4 in the wildtype background under standard growth conditions.
To support the hypothesis that DCL4 disruption, and not an unlinked mutation, causes purple leaves in dcl4-1 plants (a T-DNA insertion line of the INRA FLAG collection), another allele, dcl4-2 (a T-DNA insertion line of the GABIKat collection) was examined. Similar to dcl4-1, dcl4-2 exhibits elongated and downwardly curled rosette leaves and the loss of 21-nt tasiRNA production (Gasciolli et al., 2005; Xie et al., 2005) . Among the 753 dcl4-2 plants grown in the growth chamber under standard conditions, 8.1% of plants exhibited purple color around the veins or in the margin of rosette leaves, similar to dcl4-1 (Figures 1a and S1 ). In contrast, none of the wild-type (WT), dcl2-1 mutant and dcl2-1 dcl4-2 double mutant plants grown under the same conditions exhibited this phenotype. Further quantification of anthocyanins revealed a 10-fold increase in purple dcl4-2 plants (dcl4-P) relative to that in WT, dcl2-1, dcl2-1 dcl4-2 or green dcl4-2 plants (dcl4-G) ( Figure S2 ). Therefore, the common phenotype shared between different dcl4 alleles, but not dcl2 dcl4 double mutants, confirms the contribution of DCL2 activity to purple leaves in a fraction of dcl4 plants.
DCL2-dependent anthocyanin over-accumulation in dcl4
leaves requires SGS3 and RDR6, but not RDR2 and DCL3
Like DCL2, DCL3 processes TAS RNA into siRNAs when DCL4 is impaired (Gasciolli et al., 2005; Xie et al., 2005; Henderson et al., 2006) , indicating that DCL4 also outcompetes DCL3 in processing certain substrates. To analyze whether DCL3 also contributes to the purple phenotype of dcl4 plants, dcl3-1 dcl4-2 double mutant plants were examined. Under standard growth conditions, 6.2% of 321 dcl3-1 dcl4-2 plants displayed purple leaves (Figure 1a) . Furthermore, we generated a dcl4-2 rdr2-1 double mutant to test the involvement of RDR2 in this phenotype, and found that 4.2% of 192 plants showed purple leaves ( Figure 1a ). The occurrences of leaf discoloration are not statistically different between dcl4-2 and dcl3-1 dcl4-2 (P = 0.3148, Fisher's exact test), nor between dcl4-2 and dcl4-2 rdr2-1 (P = 0.0631, Fisher's exact test), suggesting that DCL3 and RDR2 contribute little to the dcl4 purple phenotype.
Because the DCL2-dependent production of secondary siRNAs requires RDR6 (Mlotshwa et al., 2008; Parent et al., 2015) , we analyzed dcl4-2 rdr6-11 and dcl4-2 sgs3-11 double mutants to determine whether SGS3 and RDR6 contribute to the dcl4 purple phenotype in addition to DCL2. Similar to dcl2-1 dcl4-2, none of the 243 dcl4-2 rdr6-11 and 126 dcl4-2 sgs3-11 plants exhibited purple pigmentation ( Figure 1a) . Together, the genetic analyses of RNA silencing mutants performed in this study indicate that the SGS3-, RDR6-and DCL2-dependent transitive silencing pathway causes anthocyanin over-accumulation in a fraction of dcl4 plants.
The purple phenotype of dcl4 leaves is associated with carbohydrate over-accumulation and defective phloem transport Arabidopsis suc2 mutants with a defective phloem-specific sucrose transporter show an increase in carbohydrates, upregulation of the anthocyanin biosynthetic pathway, and purple discoloration in leaf margins (Zakhleniuk et al., 2001; Lloyd and Zakhleniuk, 2004; Srivastava et al., 2008) . Because a fraction of dcl4 plants also show purple discoloration in the leaf margins, we suspected that sugar content is also increased in dcl4 plants with purple leaves. To test this hypothesis, we measured the levels of soluble sugars (fructose, glucose and sucrose) and starch in the rosette leaves of WT and dcl mutants. Compared with WT and dcl2-1, purple leaves of dcl4-2 plants (dcl4-P) displayed a dramatic increase for the three soluble sugars, as well as for starch (Figure 1b) . In contrast, the levels of soluble sugars and starch in green leaves of dcl4-2 plants (dcl4-G) and dcl2-1 dcl4-2 double mutants were comparable with those in the WT.
Sucrose is produced in photosynthetic organs and then transported to heterotrophic organs through the phloem (Lemoine et al., 2013) . In addition to suc2 mutants, overexpression of a putative phloem membrane protein, NDR1/ HIN1-LIKE 26 (NHL26), leds to the over-accumulation of carbohydrates and anthocyanins in leaves accompanied by defective phloem transport (Vilaine et al., 2013) . To determine whether phloem function is impaired in purple dcl4-2 plants, we performed phloem transport assays with a phloem-mobile dye, 5(6)-carboxyfluorescein diacetate (CFDA), on the fully expanded leaves of WT and various mutant plants. In all WT and dcl2-1 leaves examined, the CFDA signal diffused well through veins (Figure 1c ). In contrast, none of the dcl4-2 purple leaves tested showed the spread of CFDA through veins, indicating a defect in phloem transport. Notably, two among nine green leaves of dcl4-2 showed a failure in CFDA transport, whereas none of the dcl2-1 dcl4-2 leaves tested showed this defect. The result thus implies that defective phloem transport might contribute to the purple pigmentation of dcl4-2 plants.
Genes involved in anthocyanin biosynthesis, sugar homeostasis and photosynthesis are differentially expressed in dcl4 plants with purple leaves
To reveal the molecular mechanism behind the formation of dcl4-2 purple leaves, we harvested fully expanded leaves of 3-week-old WT and mutant plants for transcriptome analysis. At this time point, none of the selected dcl4 plants had yet produced leaves with purple color, which would allow for the identification of early events caused by the disruption of DCL4 function. We then recorded the color exhibited by the remaining leaves in the following 2 weeks and classified the harvested leaves from the same dcl4 plants into the groups of purple (dcl4-P) or green (dcl4-G). In parallel, plant material of WT, dcl2-1, dcl2-1 dcl4-2 and dcl4-2 rdr6-11 leaves were also harvested in the same way. Two biological replicates grown independently were used for RNA-seq as well as small RNA sequencing.
Because purple discoloration of dcl4 leaves was rescued by dcl2 and rdr6, we assumed that the genes contributing to this phenotype should be differentially expressed in the comparison of dcl4-P with WT, dcl2 dcl4 and dcl4 rdr6. Among 133 differentially expressed RNAs passing this criterion (false discovery rate (FDR) ≤ 0.05, likelihood ratio test), 119 were upregulated whereas 14 were downregulated in dcl4-P (Appendix S1). Remarkably, 72 upregulated RNAs were annotated as transposons. Most of them also showed increased expression in dcl4-G, indicating that DCL4 regulates a subset of transposons, independent of the purple phenotype. The gene ontology (GO) analysis of upregulated RNAs corresponding to protein-coding genes revealed a significant enrichment in the anthocyanin biosynthetic process, the response to UV and the response to sucrose stimulus (Table S1 ). Compared with the WT, dcl4-P showed a 1.5-to 2.5-fold increase in transcript levels of eight genes encoding key enzymes catalyzing anthocyanin biosynthesis, indicating the activation of the anthocyanin biosynthesis pathway when leaves were harvested ( Figure 2a ). Besides genes involved in anthocyanin biosynthesis, a gene encoding a glucose-6-phosphate/phosphate translocator (GPT2) showed a 78-fold increase in dcl4-P compared with the WT (Figure 2b ). The expression of GPT2 is generally low in leaves of WT under normal growth conditions, but is highly induced by sucrose (Niewiadomski et al., 2005; Gonzali et al., 2006) . Therefore, the dramatic increase of GPT2 expression in dcl4-P leaves 
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might suggest the elevation of sucrose, which is supported by the result of carbohydrate assays (Figure 1b) . Moreover, GPT2 upregulation might lead to more glucose-6-phosphate transported into plastids and result in the over-accumulation of starch in dcl4-P, which is in line with the results of carbohydrate assays (Figure 1b) . The most enriched terms identified in the GO analysis of 14 downregulated genes are NADP metabolic process, plastid organization and photosynthesis (Table S2) . For example, the transcript levels of genes encoding a component in the photosystem-II center, PSBP-DOMAIN PROTEIN 6 (PPD6), and PHOTOSYNTHETIC ELECTRON TRANSFER C (PETC) were reduced in dcl4-P (Figure 2b ). Notably, the expression level of SUC2 was reduced in dcl4-P (Figure 2b) , implying that sucrose transportation through SUC2 is likely to be inhibited. The reduced transcription level of SUC2 might be associated with the carbohydrate over-accumulation in dcl4-P, and explained the similar phenotype between dcl4-P plants and suc2 mutants (Srivastava et al., 2008; Zakhleniuk et al., 2001 ; Figure 1a ). The small RNA levels of these 14 downregulated protein-coding genes appeared similar across all samples (Appendix S1), however, indicating that RNA silencing is not responsible for the reduced expression of these 14 genes. Therefore, these 14 genes are not likely to be the primary targets of the RDR6-and DCL2-dependent transitive silencing pathway.
Genome-wide analysis of RDR6-and DCL2-dependent small RNAs in dcl4 mutants
In parallel with RNA-seq, the same RNA samples were also subjected to small RNA sequencing for the identification of RDR6-and DCL2-dependent small RNAs. First, we performed global analyses of small RNAs of 18-26 nt derived from four types of transcripts: miRNA precursors (MIRNA), TAS transcripts (TAS), transposable elements (TEs) and protein-coding genes. In the analysis of MIRNA, all mutants analyzed predominantly accumulated small RNAs in a 21-nt form, similar to WT plants (Figure 3 ). This is consistent with the previous finding that DCL1 is the major enzyme processing MIRNA Kurihara et al., 2006) . On the other hand, the major size of TASderived small RNAs was shifted from 21 to 22 and 24 nt in both dcl4-P and dcl4-G ( Figure 3 ). As dcl4-P and dcl4-G accumulated comparable quantities of TAS-derived 22-nt small RNAs (Figure 3) 
Figure 3. Global analysis of small RNAs reveals the elevated production of 22-nt small RNAs from protein-coding genes in dcl4-P. The normalized abundance of small RNAs (18-26 nt) derived from MIRNA, TAS loci, transposon elements (TEs) and protein-coding genes are shown as means AE SEs (n = 2); TP10M, tags per 10 million.
small RNAs are unlikely to cause the purple discoloration in dcl4-P plants. In the analysis of TEs, which generally produce 24-nt small RNAs through DCL3 and RDR2 (Law and Jacobsen, 2010) , both dcl4-P and dcl4-G accumulated a high level of 22-nt small RNAs, which exceeded the level of 24-nt small RNAs (Figure 3 ). Because the levels of these 22-nt small RNAs in dcl2 dcl4 and dcl4 rdr6 were as low as those in the WT, DCL2 and RDR6 are involved in the production of 22-nt small RNAs from TEs. These RDR6-and DCL2-dependent TE small RNAs are also less likely to be responsible for the distinct phenotype of dcl4-P plants, however, because a higher level of these small RNAs was detected in dcl4-G than in dcl4-P. In the analysis of proteincoding transcripts, which are not the main substrates of DCL proteins and produce limited quantities of small RNAs in WT Arabidopsis, the level of 22-nt small RNAs was highly increased in dcl4-P (Figure 3 ). Because dcl4-P and dcl4-G showed differential accumulation of 22-nt small RNAs in this group, this result raises the possibility that the abnormal production of small RNAs from transcripts of protein-coding genes through DCL2 may contribute to the phenotype of dcl4-P. We next searched for specific genes accumulating more small RNAs in dcl4-P than in the WT, dcl2 dcl4 and dcl4 rdr6. Among 47 genes that showed an increased accumulation of small RNAs in the comparison of dcl4-P and WT (fold-change >1, FDR ≤ 0.05), 37 genes also showed a significant increase of small RNAs in the comparison of dcl4-P with dcl2 dcl4 and dcl4 rdr6 (fold-change >1, FDR ≤ 0.05) ( Figure S3 ; Table S3 ). Notably, 29 out of these 37 genes are Athila long terminal repeat (LTR) retrotransposons, and produced many more small RNAs in both dcl4-P and dcl4-G than the WT and other mutants ( Figure S4 ). Among the eight non-TE genes, MIR843a is the only non-coding RNA and produced a substantial quantity of small RNAs in WT and dcl2 (Table S3) . Although the level of small RNAs from MIR843a was largely increased in both dcl4-P and dcl4-G, the predominant size of these small RNAs remained 21 nt in all mutants tested ( Figure S4 ). No change in small RNA size implies that MIR843a is not the direct substrate of DCL2, which should lead to the production of 22-nt small RNAs. Among the remaining seven genes identified in this analysis, six correspond to protein-coding genes (BAM3, DGAT3, FAMA, MYB28, SMXL4 and SMXL5) that are likely to be direct substrates of DCL2 because they predominantly generate 22-nt small RNAs in dcl4-P ( Figure S4) . Moreover, the production of small RNAs from these protein-coding genes requires both DCL2 and RDR6, as small RNAs were barely detected in dcl2 dcl4 and dcl4 rdr6 ( Figure S4 ; Table S3 ). The last gene identified in this analysis encodes chalcone synthase (CHS). The non-specific size of small RNAs derived from CHS in dcl4-P, however, as well as their low abundance, suggests that the biogenesis of CHS small RNAs is independent of DCL proteins ( Figure S4 ).
Silencing of SMXL4 and SMXL5 correlates with purple pigmentation of dcl4 plants Among the protein-coding genes showing increased quantities of RDR6-and DCL2-dependent small RNAs in dcl4-P, SMXL4 and SMXL5 generated the highest quantity of small RNAs and contributed about half of the small RNAs produced from protein-coding genes with a predominant size of 22 nt in dcl4-P plants (Figure 4a and b; Table S3 ). Notably, SMXL4 and SMXL5 small RNAs were widespread on both strands but were enriched towards the 3 0 end (Figure 4c) , reinforcing their dependency on RDR6. In addition to their high abundance, the differential accumulation of SMXL4 and SMXL5 small RNAs between dcl4-P and dcl4-G plants was also evident (Figure 4b ; Table S3 ), implying that the silencing of these two genes might be responsible for the growth defects of dcl4-P plants.
SMXL4 and SMXL5 belong to a multigene family including SUPPRESSOR OF MAX2 1 (SMAX1) and seven SMAX1-LIKE (SMXL) genes (Stanga et al., 2013) . To establish the link between the production of SMXL4 and SMXL5 small RNAs and the DCL2-dependent phenotype of dcl4 mutants, we performed RNA gel blot analysis of SMXL5 small RNA on individual dcl4 plants with distinct phenotypes. All six dcl4-P plants accumulated SMXL5 22-nt small RNAs, whereas this 22-nt RNA species was barely detected in five dcl4-G and two WT plants (Figure 4d ). The positive correlation between the production of 22-nt SMXL5 small RNAs and the dcl4 leaf phenotype among individual plants hence supports the hypothesis that silencing of SMXL4 and SMXL5 may lead to anthocyanin accumulation in dcl4 plants. To further support this hypothesis, we then examined whether the mRNA levels of SMXL4 and SMXL5 were reduced in dcl4-P compared with WT and dcl4-G. Unexpectedly, dcl4-P showed slightly higher mRNA levels of SMXL4 and SMXL5 than the WT and dcl4-G, although their abundance was uniformly low in the fully expanded rosette leaves of all samples, based on the RNA-seq data (Appendix S1). We thus speculated that SMXL4 and SMXL5 might be specifically expressed in the meristem or young leaves, but their expression might drop quickly once leaves become mature. To truly determine the change of SMXL4 and SMXL5 expression among WT and mutant plants, the whole aerial portions of plants were harvested for qRT-PCR analysis when anthocyanin accumulation was observed in dcl4 mutants. The mRNA levels of SMXL4 and SMXL5 were reduced in dcl4-P plants but not in dcl4-G, dcl2, and dcl2 dcl4 plants (Figure 4e ). The result thus confirms the silencing of SMXL4 and SMXL5 through the DCL2-dependent pathway in dcl4-P plants.
Dysfunction of SMXL4 and SMXL5 results in starch over-accumulation and defective phloem transport
We then used public microarray data available in the Arabidopsis eFP browser to explore the spatiotemporal expression of SMXL4 and SMXL5 (Brady et al., 2007; Winter et al., 2007) . SMXL4 is absent in the eFP browser because of a lack of microarray data. SMXL5 is predominantly expressed in the shoot apex and young flower buds, but with relatively low expression in leaves at various developmental stages ( Figure S5) . Remarkably, the microarray data of different root cell types indicated that SMXL5 has specific expression in proto and metaphloem of root vasculature (Brady et al., 2007;  Figure 5a ). To further explore the spatiotemporal expression of SMXL4 and SMXL5, we generated Arabidopsis transgenic lines carrying the gene encoding b-glucuronidase (GUS) driven by SMXL4 and SMXL5 promoters. Both reporter constructs showed similar expression patterns in young seedlings, rosette leaves, roots, flowers and siliques (Figure 5b-m) . As suggested by public microarray data ( Figure S5 ), the promoter activity of SMXL4 and SMXL5 was high in the shoot apex but low in fully expanded rosette leaves ( Figure 5c and i). Strong GUS staining was also observed in the vasculature of cotyledons, root tips and lateral root primordia (Figure 5b,d ,e,h,j,k). Although SMXL6, SMXL7 and SMXL8 have been reported to regulate shoot branching and leaf morphology (Soundappan et al., 2015; Wang et al., 2015) , the function of SMXL4 and SMXL5 in development has not been documented. To test whether the downregulation of SMXL4 and SMXL5 directly causes the phenotypes of dcl4-P, we characterized smxl4 and smxl5 mutants carrying T-DNA insertions in the last exon of the SMXL4 coding region and in the second intron of SMXL5 ( Figure S6a ). According to the qRT-PCR results of two primer sets upstream and across the T-DNA insertion site, both of the mutant lines we obtained appeared to produce truncated mRNA (Figure S6b) . Because none of the smxl4 plants and only a small fraction of smxl5 plants (2%) showed leaf pigmentation (Figure 6a) , we thus generated an smxl4 smxl5 double mutant. Among 119 double mutant plants analyzed, 63% of plants showed reduced size and purple leaves (Figure 6a) . Meanwhile, the sampled leaves of smxl4 smxl5 plants all exhibited much stronger staining of starch than those of WT and single mutant plants (Figure 6b) . Moreover, all tested plants of smxl4 and smxl5 single mutants displayed normal diffusion of CFDA fluorescence through the vasculature, whereas none of the smxl4 smxl5 plants showed evident transportation of CDFA into the vasculature (Figure 6c) . Therefore, the similarity of phenotypes shared between dcl4-P and smxl4 smxl5, herein, indicates that the repression of SMXL4 and SMXL5 expression in dcl4 mutants contributes to defective phloem transport and the over-accumulation of starch and anthocyanin.
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DISCUSSION
Previous work demonstrated that DCL2 and DCL4 act redundantly in inverted-repeat transgene PTGS (IR-PTGS), whereas DCL2 is more efficient than DCL4 at promoting sense transgene PTGS (S-PTGS; Mlotshwa et al., 2008; Parent et al., 2015) . This is likely because of the absolute requirement for siRNA amplification, also referred to as transitive PTGS, during S-PTGS, whereas this step is dispensable for IR-PTGS (Beclin et al., 2002) . Indeed, both DCL2-dependent 22-nt siRNAs and DCL4-dependent 21-nt siRNAs associate with AGO1 and guide mRNA cleavage; however, cleavage products generated by AGO1/21-nt sRNA complexes are degraded by the RNA quality control (RQC) pathways, whereas cleavage products generated by AGO1/22-nt sRNA complexes are converted to dsRNA by RDR6, leading to the production of secondary siRNAs (Chen et al., 2010; Cuperus et al., 2010) . Therefore, IR-PTGS, which does not require siRNA amplification, can be achieved by either DCL2 or DCL4 alone, whereas S-PTGS, which requires siRNA amplification, is more efficiently achieved by DCL2 than DCL4. Nevertheless, transgenes undergoing IR-PTGS or S-PTGS produce predominantly DCL4-dependent 21-nt siRNAs, suggesting that DCL4 outcompetes DCL2 in wild-type plants, thus limiting the efficiency of S-PTGS. So far, the reason for DCL4 outcompeting DCL2 in wildtype plants has remained unknown. Here, we show that it prevents the production of DCL2-dependent 22-nt siRNAs from several protein-coding genes, and the subsequent downregulation of the corresponding mRNAs by RDR6-dependent transitive PTGS. Our data therefore demonstrate that endogenous genes can be silenced through the DCL2-and RDR6-dependent transitive PTGS pathway when DCL4 is absent, and that DCL4 needs to outcompete DCL2 to prevent the deleterious effects of such endogenous silencing. Indeed, Arabidopsis dcl4 mutants exhibit severe developmental defects, including purple leaves, carbohydrate over-accumulation and defective phloem transport, which are largely caused by DCL2-and RDR6-dependent transitive PTGS of two endogenous genes, SMXL4 and SMXL5. Solanum lycopersicum (tomato) dcl4 mutants also show anthocyanin accumulation and die shortly after flowering (Yifhar et al., 2012) . Although the DCL2 dependency of tomato dcl4 defects has not been tested, tomato rdr6 and ago7 mutants lack this phenotype, similar to the Arabidopsis rdr6 mutant. The unique phenotype shared between Arabidopsis and tomato dcl4 mutants suggests that the silencing of protein-coding genes such as SMXL4 and SMXL5 is a conserved outcome when DCL4 function is inhibited, supporting a biological significance for this regulation.
An outburst of SMXL4 and SMXL5 small RNAs was also detected in Arabidopsis mutants defective in RNA decapping or 5 0 ?3 0 and 3 0 ?5 0 cytoplasmic RNA decay (Martinez de Alba et al., 2015; Zhang et al., 2015) . Interestingly, the growth of the decapping mutants dcp2 and vcs is arrested at an early stage, and this phenotype is rescued by rdr6 (Martinez de Alba et al., 2015) . Similarly, a double mutant of EXORIBONUCLEASE 4 (XRN4) and a DExD/H box RNA helicase, SUPER-KILLER 2 (SKI2), shows growth arrest, which is rescued by rdr6 or dcl2 (Zhang et al., 2015) . Moreover, the combination of xrn4 and dcl4 or ski2 and dcl4 also causes severe growth defects, which also are rescued by dcl2 (Zhang et al., 2015) , indicating that DCL2-dependent transitive PTGS causes deleterious effects when either DCL4 or cytoplasmic RNA decay is compromised. Martinez de Alba et al. (2015) and Zhang et al. (2015) proposed that decapped endogenous mRNAs or any aberrant mRNAs that have free 5 0 or 3 0 ends are degraded through the 5 0 ?3 0 and 3 0 ?5 0 cytoplasmic RNA decay pathways, thus preventing their entry into the PTGS pathway. If decapping or 5 0 ?3 0 and 3 0 ?5 0 degradation is compromised, aberrant mRNAs enter the PTGS pathway where they are converted into dsRNAs by RDR6 and processed into siRNAs, predominantly by DCL4, and to a lesser extent by DCL2. Although both DCL4-and DCL2-dependent siRNAs are able to guide mRNA cleavage, only DCL2-dependent 22-nt siRNAs can trigger the production of secondary siRNAs, which has a strong impact on the outcome of target mRNAs. A model for SMXL4 and SMXL5 regulation by RQC and PTGS pathways is described in Figure 7 . In
smxl4-1 smxl5-1 n = 6/6 n = 6/6 n = 6/6 n = 0/6 wild-type plants, aberrant SMXL4 and SMXL5 RNAs are predominantly degraded by RQC, and only limited quantities are converted into dsRNA by RDR6. Because DCL4 outcompetes DCL2, plants mainly process SMXL4 and SMXL5 dsRNA into 21-nt siRNAs, and the very low abundance of 22-nt SMXL4 and SMXL5 siRNAs is probably insufficient to trigger transitive PTGS on SMXL4 and SMXL5 mRNAs (Figure 7, left panel) . In dcl4 mutants, the quantity of aberrant SMXL4 and SMXL5 RNAs that are converted into dsRNA by RDR6 remains low, but SMXL4 and SMXL5 dsRNAs are exclusively processed by DCL2, resulting in siRNA amplification by transitive PTGS, and the subsequent downregulation of SMXL4 and SMXL5 RNA levels ( Figure 7 , right panel). This phenomenon is increased in dcl4 xrn4 or dcl4 ski2 mutants because more aberrant RNAs are converted into dsRNA by RDR6, because of the impairment of either 5 0 ?3 0 or 3 0 ?5 0 RQC (Zhang et al., 2015) .
Among the seven protein-coding loci producing DCL2-and RDR6-dependent siRNAs in dcl4, the five showing the highest production of siRNAs (SMXL4, SMXL5, BAM3, DGAT3 and CHS) also produce RDR6-dependent siRNAs in dcp2 and vcs mutants (Martinez de Alba et al., 2015) . Moreover, SMXL5 ranks first among the 441 genes identified in the xrn4 ski2 mutant (Zhang et al., 2015) . This raises the question about why certain protein-coding genes are more prone to enter the PTGS pathways than others. In the study of the xrn4 ski2 mutant, the 441 genes identified generally have higher expression levels than average (Zhang et al., 2015) . However, this explanation does not account for SMXL4 and SMXL5 because both genes have very low expression in most tissues. Both the public microarray data and the promoter assays performed in this study indicate that the expression of SMXL4 and SMXL5 is restricted to the tips of shoot and root tissues, and is Aberrant SMXL4 and SMXL5 RNAs are predominantly eliminated by the RQC pathway, but limited quantities of aberrant RNAs escaping from the RQC pathway are converted into dsRNA by SGS3 and RDR6. In WT plants, dsRNAs are mainly processed by DCL4 into 21-nt siRNAs, which guide AGO1 to target mRNAs for cleavage. Following cleavage, the cleavage remnants are degraded through the RQC pathway with negligible impact on SMXL4 and SMXL5 RNA levels. In the dcl4 mutant, dsRNAs are exclusively processed by DCL2 into 22-nt siRNAs, which also guide AGO1 target mRNAs for cleavage. The cleavage remnants are not degraded by the RQC pathway, however, probably because the AGO1/22-nt siRNA complex attracts RDR6, which transforms cleavage products into dsRNAs. Such amplification of siRNA production reduces SMXL4 and SMXL5 RNA levels, leading to purple leaf pigmentation. enriched in the proto and metaphloem (Figures 5 and S5) . The specific expression pattern of SMXL4 and SMXL5 implies that they might be tightly regulated at both the transcriptional and post-transcriptional levels. The SMXL4 and SMXL5 RNAs might be exposed to rapid turnover to ensure specific expression controlled by the promoter. If so, highly unstable SMXL4 and SMXL5 RNAs may be more likely to enter the PTGS pathway. Alternatively, the differentiation state of the cells in shoot and root tips or the phloem could cause dramatic changes of the transcriptome, which may result in an enormous quantity of aberrant transcripts from SMXL4 and SMXL5, exceeding the capacity of RNA decay and favoring their entry into the PTGS pathway.
SMXL4, SMXL5
SGS3
Remarkably, SMXL4 and SMXL5 PTGS and growth defects are observed only in a fraction of dcl4 mutant plants. This is reminiscent of transgene S-PTGS, which often occurs in a limited fraction of plants derived from a given transgenic line (Boerjan et al., 1994; Palauqui and Vaucheret, 1995; Palauqui et al., 1996; Vaucheret et al., 1997; Elmayan et al., 1998) . The appearance and occurrence of DCL2-dependent dcl4 phenotypes appears largely influenced by the genetic background and by environmental stresses. In the Arabidopsis dcl1 background, the disruption of DCL4 function caused about 100% mortality in glasshouses, but only around 20% in growth chambers . Public microarray data displayed on the Arabidopsis eFP browser (Winter et al., 2007) do not indicate that DCL2 expression is influenced by abiotic stress. Therefore, under certain conditions, increased DCL2-dependent transitive PTGS could result from the increased production of aberrant mRNAs and not from increased DCL2 expression.
Although over-accumulation of SMXL4 and SMXL5 small RNAs has been detected in dcl4, dcp2, vcs or xrn4 ski2 mutants (Martinez de Alba et al., 2015; Zhang et al., 2015) , it remains unknown whether these two genes could be silenced in wild-type plants under certain biotic or abiotic stresses, and whether this regulation plays a role in stress responses. Several reports point to the deregulation of RQC and PTGS during viral infection. It has long been known that many PTGS components of PTGS steps are compromised by viral proteins called Viral Suppressors of RNA silencing (for a recent review, see Csorba et al., 2015) . More recently, it has been shown that RQC components also are targeted during viral infection. In animals, the decapping co-factor DCP1 is a direct target of Poliovirus (Dougherty et al., 2011) . Moreover, more than 1000 Arabidopsis protein-coding genes produce 21-nt siRNAs during infection by the 2b-deleted cucumber mosaic virus (CMV). These virus-activated siRNAs (vasiRNAs) partly overlap with rqc-siRNAs or ct-siRNAs identified in dcp2, vcs and xrn4 ski2 mutants (Martinez de Alba et al., 2015; Zhang et al., 2015) , and similarly repress host gene expression (Cao et al., 2014) . Although SMXL4 and SMXL5 do not produce vasiRNAs during CMV infection, it is possible that these genes are downregulated during infection by other viruses, causing defective phloem transport that could impact virus movement through the phloem.
CONCLUSION
Through genetic, biochemical and high-throughput sequencing approaches, we show that DCL2-dependent transitive PTGS of two protein-coding genes, SMXL4 and SMXL5, contribute to the phloem defects and carbohydrate over-accumulation in dcl4 mutants. Further studies on the features allowing SMXL4 and SMXL5 transcripts to enter the PTGS pathway may provide clues on how to prevent transgene silencing.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis mutants dcl4-2 (GABI_160G05), dcl2-1 (SALK_064627), dcl2-4 (FLAG_451B03), dcl4-1 (FLAG_330A04), dcl3-1 (SALK_005512), rdr2-1 (SAIL_1277_H08), rdr6-11 (CS24285) and sgs3-11 (CS24289) used in this study have been described previously (Alonso et al., 2003; Peragine et al., 2004; Xie et al., 2004 Xie et al., , 2005 Gasciolli et al., 2005) . Two SALK lines, smxl4-1 (SALK_037136) and smxl5-1 (SALK_018522), characterized in this study were obtained from the Arabidopsis Biological Resource Center (http://abrc.osu.edu). Arabidopsis plants were grown in soil at 22°C under 70-125 lmol photons m À2 sec À1 irradiance (with 16 h of light and 8 h of dark).
Anthocyanin measurement
Anthocyanin extraction and quantification of 4-5-week-old rosette leaves was performed as described previously (Mancinelli, 1990; Nakazawa et al., 2007) .
Carbohydrate analysis
The 4-week-old rosette leaves were harvested 12 h after the beginning of the light period. Soluble sugars were extracted from mature leaves using 80% ethanol at 70°C overnight. The extraction was repeated three times for each sample and all ethanol extracts were combined and then dried in a 70°C oven. Next, soluble sugars were dissolved with double-distilled water (ddH 2 O; 10 ll per mg fresh weight) and quantified using an enzymatic method following the protocol of the Sucrose/D-glucose/D-fructose assay kit (R-Biopharm, http://www.r-biopharm.com). After sugar extraction, starch was extracted from the same leaf sample with 50 mM HClO 4 (10 ll per mg fresh weight) and incubated at 100°C for 5 min. Starch was broken down into glucose with amyloglycosidase (Sigma-Aldrich, http://www.sigmaaldrich.com) and a-amylase (Sigma-Aldrich) in 40 mM sodium acetate (pH 5.2) at 37°C for 30 min. For iodine staining of starch, rosette leaves were bleached with ethanol and then stained with Lugol's iodine solution.
Phloem transport assay
The fluorescent dye, carboxyfluorescein diacetate (CFDA; ThermoFisher Scientific, http://www.thermofisher.com), was used for the phloem transport assay as described previously, with minor modifications (Vilaine et al., 2013) . After a small area of the abaxial surface was removed from the leaf margin of 4-5-week-old rosette leaves, a 4-ll drop of 60 lg ml À1 CFDA was applied to the secondary vein. After CFDA was applied to the leaves, the spread of CFDA was recorded immediately under a Zeiss SteREO Lumar V12 microscope with a GFP filter set (excitation 450-490 nm), and photographed with a digital camera (AxioCam MRc; Zeiss, http:// www.zeiss.com) every 20 sec for 100 cycles.
Quantitative real-time PCR analysis
Total RNA was isolated from plant tissues using the RNeasy Plant Mini Kit (Qiagen, http://www.qiagen.com). One microgram of RNA was used as a template for qRT-PCR following the procedures described by Hou et al. (2016) . The sequences of primers for qRT-PCR are listed in Table S4 .
RNA-seq and small RNA profiling
Two biological replicates grown independently were harvested for sequencing on the Illumina HiSeq 2500 platform following standard protocols. Total RNA extracted from 21-day-old rosette leaves with PureLink Plant RNA Reagent (ThermoFisher Scientific) was used in library construction for RNA-seq and small RNA profiling. The RNA-seq and small RNA libraries were prepared using the Illumina TruSeq RNA Library Preparation Kit v2 and TruSeq Small RNA Library Preparation Kit, respectively (http://www.illu mina.com).
Analysis of RNA-Seq data and small RNA sequencing data For small RNA reads, after adapter trimming with the FASTXToolkit and filtering low-quality reads with a quality score of less than 30, small RNAs of 18-26 nt were mapped to the Arabidopsis genome (TAIR10 annotation; http://www.arabidopsis.org), chloroplast genome, mitochondria genome, ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) by BOWTIE 1.0.1. The small RNAs that contained a continuous 17 nt of single nucleotide repeats, exhibited more than 20 genomic hits or were mapped to chloroplast genome, mitochondria genome, rRNAs, tRNAs, snRNAs or snoRNAs were discarded. The remaining small RNA reads were used in the identification of loci with differential accumulation of small RNAs in the comparison of different genotypes. In the global analysis of small RNAs derived from MIRNA, TAS, TEs and proteincoding genes, only small RNAs unique to a single category were included. The sequences of MIRNA precursors were based on miRBase release 21 (http://www.mirbase.org), whereas other sequences were based on TAIR10 annotation. For RNA-seq reads, after filtering low-quality reads with a quality score of less than 30, 50-nt reads were mapped to the Arabidopsis genome and Arabidopsis cDNA with BOWTIE 1.0.1. The RNA-seq reads with more than one genomic hit was discarded. The remaining RNA-seq reads were used in the identification of loci showing differential expression in the comparison of different genotypes. To identify differentially expressed loci, small RNA reads and RNA-seq reads were first mapped to the Arabidopsis genome using STAR 2.5.0a, and the read count for each locus was obtained with HTSeq-count 0.6.1p. Loci with FDR value less than 0.05 in the differential analysis with DESeq 2 1.10.0 were selected. GO enrichment analysis was performed using the web-based AgriGo singular enrichment analysis tool (Du et al., 2010) .
RNA gel blot analysis of small RNAs
For each sample, 30 lg of total RNA was used for the RNA gel blot analysis of a 22-nt small RNA derived from SMXL5 following the procedures described previously, with minor modifications (Lee et al., 2015) . The sequences of a locked nucleic acid (LNA ™ ) oligonucleotide probe for a SMXL5 small RNA and a DNA oligonucleotide probe for U6 are listed in Table S4 . The LNA probe was hybridized to the blot at 42°C, whereas the DNA probe was kept at 37°C overnight.
Histochemical GUS assay
A 1373-bp sequence upstream of the SMXL4 translation start site and a 1166-bp sequence upstream of the SMXL5 translation start site were amplified from genomic DNA. Primers used for PCR amplification are listed in Table S4 . The amplified fragments were inserted into the pHGWFS7 vector upstream of a GUS gene and the constructs were then transformed into WT Arabidopsis using the floral-dip method . GUS staining was performed as described by Hou et al. (2016) .
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